Introduction
Graphite-furnace atomic absorption spectrometry (GF-AAS) 1 is extensively employed for the determination of metallic elements at a concentration level of 10 -7 %, because several elements, such as Cd, Pd, Sb and Te, can be detected with better sensitivity compared to other analytical methods.
In metallurgical processes, trace amounts of these elements, in some cases, exert a negative influence on the quality of manufactured materials; for example, their segregation at grain boundaries or their precipitation may cause cracking during hot rolling in the case of steel materials. Furthermore, metallic elements, such as Cd and Pb, have a harmful effect against the environment around human beings. GF-AAS can thus be an effective analytical method for industrial uses [2] [3] [4] [5] as well as environmental assessment. [6] [7] [8] [9] A graphite furnace for GF-AAS is heated with a high electric current to generate atomic vapor for the absorption measurement, along with a suitable temperature program for each analyte element to be pre-determined. The temperature program, which usually comprises drying, charring, atomizing and cleaning stages, controls various physical and chemical reactions for an analyte species occurring in the furnace; thus, it principally determines the analytical performance of GF-AAS. 1 The gas temperature is also of prime importance in controlling the atomizing process occurring in the furnace.
In practical GF-AAS, various types of reagents, called matrix modifiers, are added when injecting a sample solution into the furnace, for obtaining analytical values with higher sensitivity as well as better precision; 1 especially, they are always needed in the determination of easily vaporized elements having high vapor pressure. The effect of matrix modifiers in GF-AAS has been investigated by many researchers, and in the case of a metallic modifier, it would result from the formation of a thermally stable compound through any metallurgical reaction between the analyte element and the modifier element. Hirokawa et al. first indicated that the role of a metallic matrix modifier could be considered using a phase diagram between the analyte element and the modifier element. 10 The effectiveness of a matrix modifier can be estimated from the thermal properties of solid solutions and/or intermetallic compounds appearing in the phase diagram. 10 Yasuda et al. in-situ observed with a high-resolution electron microscope that tin atoms became less vaporized due to the formation of an intermetallic compound when palladium was added as a matrix modifier to a sample solution of tin. 11 We are interested in the determination of cadmium in steel samples (without any separation of iron) when palladium is employed as a matrix modifier. In this system, the role of palladium as the matrix modifier should be estimated in the case where large amounts of iron coexist in the sample solution. This situation can be considered to be the determination of cadmium using a palladium-iron binary matrix modifier, which becomes a more practical example in a discussion of the matrix modifier. In this paper, the vaporization/atomization of cadmium in the furnace was monitored by a temporal change in the 2010 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. In order to discuss the matrix modifier effect of palladium, iron, and a mixture of palladium and iron for the determination of cadmium in graphite-furnace atomic absorption spectrometry (GF-AAS), we measured the absorption profiles of a cadmium line at various compositions of these elements. Variations in the gas temperature were also estimated with the progress of atomization, by using a two-line method under the assumption of a Boltzmann distribution. The atomic absorption of cadmium appeared on the way of heating from the charring temperature to the atomizing temperature while the gas temperature was still low; it was thus considered that cadmium was atomized through direct conductive heating from the wall of the graphite furnace. Therefore, the effectiveness of modifiers for cadmium would be determined through any reactions on the furnace wall at the programmed charring and atomizing temperatures. The addition of iron, palladium, and an iron-palladium mixture all enhanced the absorption signal of cadmium compared to a pure cadmium sample; however, their effects were different from one another. Each addition of iron or palladium to the sample solution led to an enhancement of the cadmium absorbance, indicating that iron or palladium individually became an effective matrix modifier for the determination of cadmium. However, the addition of palladium was ineffective for the matrix modification in the coexistence of large amounts of iron. Although these phenomena are very complicated, and thus cannot be understood completely, any metallurgical reaction between the constituent elements during heating of the furnace wall, such as the formation of solid solutions and intermetallic compounds, would cause the effect of a matrix modifier in GF-AAS. absorbance of a cadmium atomic line, when added amounts of palladium and/or iron were varied in the sample solution. Furthermore, a temporal variation in the gas temperature was in-situ observed during the atomization stage by using the two-line method.
The atomization process of cadmium occurring in a graphite furnace is discussed, together with the role of palladium and iron as the matrix modifier.
Experimental

Apparatus
A simultaneous multi-element atomic absorption spectrometer (Z-9000, Hitachi Corp., Japan) with an auto-sampler system was employed, which could be equipped with four individual hollow cathode lamps as the light source. In this study, a hollow cathode lamp of cadmium (Hamamatsu Photonics Corp., Japan) was installed to measure the atomic resonance line at 228.8 nm, and two iron hollow cathode lamps (Hamamatsu Photonics Corp.) were also installed to monitor two different wavelengths of the iron atomic line. The discharge current was set to be 10.0 mA for the cadmium lamp and 5.0 mA for the iron lamps. A background correction was conducted through the measurement program by using a dc-polarized Zeeman effect. The graphite furnaces employed were a non-pyrocoated tube without a platform (Part No. 180-7400, Hitachi Corp., Japan) and a pyrocoated tube with a platform (Part Nos. 190-6007 and 190-6008, Hitachi Corp., Japan). The method to control the temperature of these furnaces was based on measurements with a radiative thermometer installed in the spectrometer, by monitoring the radiation from the furnace; therefore, the temperature of the furnace wall was directly estimated. The absorption values for each spectral line were recorded on a personal computer through an analogous-to-digital converter at an interval of 0.02 s. Sampling of the absorbance data was controlled by a trigger signal from the spectrometer.
Reagents and procedure
A cadmium stock solution of 1.0 g/dm 3 , a palladium stock solution of 3.0 g/dm 3 , and an iron stock solution of 2.0 g/dm 3 were prepared by dissolving each pure metal (99.9%) with 7 M-nitric acid for cadmium and palladium or with 7 M nitric acid containing a small amount of hydrochloric acid for iron. They were further diluted with deionized water for a working solution containing cadmium of 3 × 10 -6 g/dm 3 and appropriate amounts of palladium and/or iron. The deionized water was prepared with a water purifier (WG-1000, Yamato Scientific Corp., Japan). The concentration of palladium or iron in the working solution was each varied from 0, 3 × 10 -5 , 3 × 10 -4 , 1.0 × 10 -3 , 3 × 10 -3 , to 3 × 10 -2 g/dm 3 . The prepared sample solutions were injected into the furnace at a volume of 2 × 10 -5 dm 3 . The temperature program during heating of the furnace was optimized for measuring cadmium when a test solution containing cadmium of 3 × 10 -6 g/dm 3 and iron of 1.0 × 10 -3 g/dm 3 was employed. The drying stage was carried out at 353 -423 K for 30 s and the cleaning stage at 3273 K for 10 s. The charring temperature was determined at 823 K for cadmium, because cadmium in the test solution began to be vaporized at the charring stage at temperatures higher than 900 K. The charring stage was conducted by heating the furnace up to the corresponding charring temperature required for 30 s, followed by holding the temperature for 30 s. The atomizing stage was held for 5 s at a temperature of 3073 K. At the drying, charring, and cleaning stages, argon gas was introduced into the furnace at a flow rate of about 0.2 dm 3 /min; however, no gas flow was required only at the atomization stage to keep the analyte species and thus to obtain a better sensitivity.
Two-line method
This method is based on the difference in the number density between two energy levels, which can be determined by a characteristic temperature under thermodynamic equilibrium. 12 The temperature can be estimated from the absorbance ratio between two spectral lines whose lower energy levels are different. The principle has already been described elsewhere. 13 In this study, a pair of iron atomic lines, Fe I 372.0 nm and Fe I 373.7 nm, were employed as probe lines for the temperature measurement. The former line is assigned to the transition from the 3d 6 4s 2 5 D4 (0.0000 eV) to 3d 6 4s4p 5 F5 (3.3319 eV) levels having a gA value of 1.467 × 10 8 s -1 , and the latter line to the transition from the 3d 6 4s 2 5 D3 (0.0516 eV) to 3d 6 4s4p 5 F4 (3.3682 eV) levels having a gA value of 0.994 × 10 8 s -1 . 14 The energy difference between the 3d 6 4s 2 5 D4 and the 3d 6 4s 2 5 D3 levels is the most important factor in determining the temperature. 12 
Phase diagram
Cadmium is a typical easily-evaporated element, and therefore may be lost at the heating stages before the atomization which worsens the detection sensitivity in GF-AAS. The melting temperature of cadmium is 594 K while that of palladium and iron is 1828 and 1807 K, respectively. The temperature representing a vapor pressure of 1.3 Pa was reported at 573 K for cadmium and at 1839 K for palladium. It can thus be considered that the addition of palladium or iron is generally effective in the determination of cadmium in GF-AAS.
We should notice phase diagrams relating to cadmium, palladium, or iron, where resultant metallic phases are described at a certain composition and a temperature, in order to understand the role of the palladium and/or iron as the matrix modifier.
In a cadmium-palladium binary alloy system, cadmium can be soluble in the solid palladium up to a composition of ca. 50 atomic % Cd, where stable solid solutions (α and α′ phases) between cadmium and palladium are produced. 15 The formation of these solid solutions is expected to reduce the vaporization of cadmium greatly, because their melting points become much higher compared to that of pure cadmium. On the other hand, the liquid metals are mutually insoluble in a cadmium-iron binary alloy system, and thus cadmium cannot solve into the solid iron phase all over the compositions, meaning that neither solid solution phases nor intermetallic compounds are produced between cadmium and iron. 15 In this case, a modifier effect by the compound formation (by any chemical reaction) is not expected; however, a large amount of iron added may control the vaporization of cadmium physically because excess amounts of iron cover cadmium atoms. Furthermore, in the palladium-iron binary alloy system, the melting point becomes about 250 K lower than pure palladium and pure iron due to a congruent point of the liquidus curve in the vicinity of 50 atomic % Pd. 15 In a cadmium-palladium-iron ternary system, a solid solution having lower melting point would be formed compared to that in the cadmium-iron binary system. This implies that the modifier effect of palladium in the determination of cadmium might be reduced by adding palladium to the cadmium-iron system. Figure 1 shows temporal changes in the absorbance for the cadmium and iron lines at an atomization stage, together with those of the wall and the gas temperatures when the iron element coexists or does not in the sample solution. In this case, the atomizing temperature was predetermined at 3073 K, after the charring temperature of 873 K was kept for 30 s. At this atomization stage, the wall temperature was elevated from 873 K (charring temperature) to 3073 K (atomizing temperature) for 1 s, and was then held at 3073 K, as shown using a straight line in Fig. 1 . The gas temperature in the atomization process was estimated from the absorption of the iron spectral lines: Fe I 372.0 nm and Fe I 373.7 nm, after the charring stage.
Results and Discussion
Absorption profile of the cadmium line during the atomization stage
The absorbance of 3 × 10 -6 -g/dm 3 cadmium was measured when 1 × 10 -3 -g/dm 3 iron was in the sample solution or absent. The cadmium absorbance had a maximum at a duration time of 0.4 s, which is on the way of heating to the atomization temperature (3073 K), whereas an iron peak appears after the atomization reaches a steady stage at a duration time of 1.7 s. It is also found in Fig. 1 that the cadmium absorbance is 20-times more elevated in the iron-containing sample than in the iron-free sample, which implies that the iron element acts as a matrix modifier in the cadmium determination. The fact that the cadmium signal appears much earlier than the iron signal can be understood by the difference in the thermal properties between cadmium and iron. It also indicates that the charring temperature of 873 K, which had been optimized using a cadmium-iron solution, was too high for the measurement of cadmium alone due to the vaporization at the charring stage. Cadmium was able to be vaporized at a lower wall temperature regardless of the gas temperature in the furnace, implying that the vaporization of cadmium was mainly controlled by a thermal contact with the graphite furnace. Figure 2 shows absorbance profiles of the cadmium at the atomization stage when the iron concentration is varied from 0 to 3.0 × 10 -2 g/dm 3 in sample solutions containing cadmium of 3 × 10 -6 g/dm 3 . In this case, the atomizing temperature was fixed at 3073 K, after the charring stage had been conducted at a temperature of 873 K for 30 s. The absorbance of cadmium was elevated with an increase in the iron concentration in the working solution, indicating that the iron element became a matrix modifier for the cadmium determination. The maximum peaks of the cadmium absorbance appeared at a duration time of 0.3 -0.4 s from start of the atomization, and they were not very shifted due to the iron concentration. This observation implies that, although the addition of large amounts of iron can reduce the vaporization of cadmium during the charring stage, the iron matrix does not keep the cadmium species at the atomization stage, where iron and cadmium atoms would be atomized individually according to each thermal property because they do not form thermally-stable compounds such as an intermetallic compound. Figure 3 shows absorbance profiles of the cadmium line at the atomization stage when the palladium concentration is varied from 0 to 3.0 × 10 -2 g/dm 3 in sample solutions containing cadmium of 3 × 10 -6 g/dm 3 . The temperature program was the same as in the cadmium-iron system, as shown in Fig. 2 . The maximum peak of the cadmium absorbance was monotonously elevated, and appeared at a longer duration time along with increasing the concentration of palladium. The shift in the maximum peak can be explained by the formation of a thermally-stable compound between cadmium and palladium; in this case, it may be a palladium-matrix solid solution having a higher melting temperature and a lower vapor pressure at the charring temperature, leading to a delay in the atomization of cadmium. Also, any loss of cadmium at the charring stage can be suppressed. As a previous paper has already reported, 2 palladium is an effective matrix modifier in the determination of cadmium. In our study, the optimum condition for this was obtained in a coexistence of 3.0 × 10 -2 g/dm 3 Pd. Figure 4 shows absorption profiles of the cadmium line when palladium, at a concentration of 0 to 3.0 × 10 -2 g/dm 3 , is added to a sample solution containing cadmium of 3.0 × 10 -6 g/dm 3 and iron of 1.0 × 10 -3 g/dm 3 . In this case, a normal tube cuvette was employed as the graphite furnace, the charring condition was conducted at 873 K for 30 s, and then the atomization was conducted at 3073 K. The cadmium absorbance appeared to be the largest when no palladium was contained in the sample solution, and then the absorbance gradually decreased with increasing the concentration of palladium added while the peak position moved towards shorter duration time. At a larger concentration of palladium (more than 3.0 × 10 -2 g/dm 3 ), the peak of the cadmium absorbance was delayed, but the amplitude was much smaller than that obtained with no palladium. The gas temperature was also estimated in this system. Temporal changes in the gas temperature were almost the same at the atomizing stage, regardless of the palladium concentration in the sample; therefore, the furnace conditions during the atomization became unchanged even if palladium was added to the cadmium-iron samples.
Iron concentration in cadmium-iron binary system
Palladium concentration in cadmium-palladium binary system
Addition of palladium in cadmium-iron binary system
As shown in Figs. 2 and 3 , iron or palladium each enhanced the absorbance of cadmium, so that they could be individually employed as the matrix modifier. However, it is found in Fig. 4 that a further addition of palladium to the cadmium-iron binary system reduced the absorbance of cadmium: a positive synergy effect of palladium and iron could not be observed in the determination of cadmium. Under the measurement conditions employed in this study, palladium always exerted a negative effect on the cadmium detection in a coexistence of iron. Figure 5 shows a result of cadmium absorption profiles in the cadmium-iron-palladium ternary system, when a platform cuvette was employed as the graphite furnace. The appearance of the absorbance peak became more delayed and isolated with the peak width broadened, compared to that using the normal tube cuvette, as shown in Fig. 4 , probably because the platform was heated more slowly, indirectly by radiative heating. However, when palladium was added, the cadmium absorption profiles were varied in a similar manner to the result of the normal tube cuvette.
At lower palladium concentrations, the decrease in the cadmium peak was probably due to the co-melting of palladium and iron, which derived from the congruent point appearing in the palladium-iron phase diagram. 15 Because the addition of palladium decreases the melting point of iron, which acts as a matrix modifier for cadmium, a larger loss of cadmium would occur at the charring stage. As Fig. 4 is compared with Fig. 3 , when an excess amount of palladium (3.0 × 10 -2 g/dm 3 ) was included in the cadmium-iron-palladium system, the cadmium absorbance had a peak at the same duration time (ca. 0.5 s) as that in the corresponding cadmium-palladium binary system. However, the absorbance was not recovered. The reason for this is now unclear and further studies are needed to understand this mechanism. It is likely to say that the addition of palladium is ineffective for the determination of cadmium when the sample solution contains a large amount of iron. 
Conclusions
The data in this paper demonstrate a matrix modifier effect of palladium, iron, or a mixture of palladium and iron for the determination of cadmium in GF-AAS. Absorption profiles of the Cd I 228.8 nm line at the atomization stage were investigated when the compositions of these elements were varied. All of the additives enhanced the absorption signal of cadmium compared to a pure cadmium sample; however, their effects were different from one another. Each addition of iron or palladium to the cadmium solution increases the absorbance of the cadmium line, indicating that iron or palladium individually acts as an effective matrix modifier for the determination of cadmium. However, the addition of palladium delayed the absorption peak of cadmium, while that of iron hardly delayed it. In the case of the iron-palladium system, a further addition of palladium decreases the cadmium absorbance when large amounts of iron are in the cadmium solution. The atomic absorption of cadmium appears on the way of heating from the charring to the atomizing temperatures, while the gas temperature was still low; therefore, cadmium could be atomized through direct conductive heating from the wall of the graphite furnace. It is thus important to note any metallurgical reaction on the furnace wall at the programmed charring and atomizing temperatures. The phase diagram could give useful information on considering possible metallurgical reactions, such as the formation of solid solutions and intermetallic compounds, which may relate to the role of the matrix modifiers.
